The central role of soft nucleon matrix elements in reactions of high energy electrons or real photons with nucleons is emphasized. These soft matrix elements are described in terms of skewed parton distributions. Their connections to ordinary parton distributions, form factors, Compton scattering and hard meson electroproduction is discussed.
INTRODUCTION
Interactions of the nucleon with high energy electromagnetic probes, either electrons (i.e. virtual photons) or real photons, are described by the handbag diagram shown in Fig. 1 . Depending on the virtuality of the incoming photon, Q 2 , and on the momentum transfer from the incoming to the outgoing nucleon, t, different processes are described by the handbag diagram: For forward scattering, t = 0, with highly virtual photons, Q 2 ≫ m 2 , ( m being the mass of the nucleon) the diagram represents the total cross section for the absorption of virtual photons by nucleons. This is the domain of deep inelastic leptonnucleon scattering (DIS) from which we learn about the ordinary unpolarized, q a (x), and polarized, ∆q a (x), parton distribution functions (PDF). If one considers outgoing real photons the handbag describes deeply virtual Compton scattering (DVCS) for t ≃ 0, Q 2 ≫ m 2 as well as real (RCS) or virtual (VCS) Compton scattering for −t ≫ m 2 (and −u ≫ m 2 ) and Q 2 either zero or non-zero, respectively. Common to all these processes are soft nucleon matrix elements which are parameterised in terms of skewed parton distributions (SPDs), i.e. generalized PDFs. The same soft nucleon matrix elements are also relevant to the electromagnetic form factors of the nucleon and to hard meson electroproduction at large Q 2 and small −t. The handbag diagram and in particular the soft nucleon matrix elements are of major interest here at the NUCLEON99 workshop as the program reveals. A synopsis of the physics related to the soft nucleon matrix elements will be attempted in this talk.
SPDs
The SPDs attracted the interest of theoreticians only recently. Despite of this a large number of papers already appeared in which properties and applications of SPDs are discussed. * Supported in part by the TMR network ERB 4061 Pl 95 0115 Defining the kinematics as in Fig. 1 and introducing the fractions of light-cone-plus momentum components
one may define SPDs as
ψ a denote the field operator of a flavour-a quark. The decomposition (2) provides two SPDs, F a ζ and K a ζ , in analogy to the Dirac, F 1 , and Pauli, F 2 , form factors of the nucleon. The corresponding matrix element of γ + γ 5 defines two further SPDs, G a ζ and L a ζ . Note that the three momentum fractions defined in (1) are not independent of each other:
Hence, the SPDs are functions of only three variables, e.g. x, ζ and t. For ζ ≤ x ≤ 1 they describe the emission of a quark with momentum fraction x from the nucleon and the absorption of a quark with momentum fraction x ′ . In the region 0 ≤ x < ζ the nucleon with momentum p emits a quark-antiquark pair and is left as a nucleon with momentum p ′ = p + ∆. Re-interpreting a quark with negative momentum fraction as an antiquark with positive momentum fraction one finds that the region −1 + ζ ≤ x ≤ 0 describes the emission and absorption of antiquarks. The symmetry relation
holds as well as similar ones for the other SPDs. One may also consider helicity or flavour non-diagonal SPDs. In [4] , for instance, b − u SPDs have been discussed which control B → π transitions. The definition (2) reveals the close relationship of SPDs to ordinary PDFs and to electromagnetic form factors. For instance,
The zeroth order moments of the other three SPDs, K a ζ , G a ζ and L a ζ , provide the contributions of flavour-a quarks to the Pauli, axial and pseudoscalar form factors, respectively. The full form factors are given by appropriate sums, for instance, Predictions of the instanton model [7] for the u
Predictions of the soft physics approach [8] for the u-valence SPD F From the reduction formulas (5) it is obvious that the SPDs establish a link between inclusive and exclusive reactions. As the PDFs the SPDs are universal, i.e. processindependent functions. Proofs of factorisation into soft and hard parts have been given for DVCS in Refs. [3, 5] and for hard meson electroproduction (large Q 2 , small −t) in Ref. [6] . The latter process is dominated by longitudinally polarized virtual photons for Q 2 → ∞; the cross section for transversely polarized photons is suppressed by 1/Q 2 . As the usual PDFs they SPDs should be extracted from data. However, in the present situation of complete absence of any DVCS data and only scarce information on hard electroproduction of mesons this is not possible and we therefore have to rely on models. As examples results on SPDs from the instanton model [7] and from the soft physics approach proposed in [8] are shown in Fig. 2 . Occasionally, the SPDs are parameterized as products of form factors, PDFs and, perhaps, an additional rational function of x and ζ. On the basis of such parameterizations predictions for DVCS [9] and for γ * L p → Mp, e.g. [9, 10] , have been worked out and compared to the few existing data on the latter process. Diffractive J/Ψ electroproduction at small x-Bjorken is a particular interesting case because this process is controlled by the gluon SPD [11] . A Feynman diagram for hard meson electroproduction is shown in Fig. 3 . The amplitude for vector meson production is proportional to
where Φ V is the usual vector meson distribution amplitude characteristic of hard exclusive reaction. The amplitude for the production of pseudoscalar mesons is obtained from (7) by replacing F 
PARTON DISTRIBUTIONS
Clearly, the SPDs are a field that is still in its infancies and where theory is well ahead of experiment. This situation is to be contrasted with that of the ordinary PDFs where detailed analyses of DIS, the Drell-Yan process and W ± production in proton-antiproton collisions have been performed with the help of the DGLAP equation actively for many years [12] [13] [14] . An enormous progress in the quality of the phenomenological PDFs has been achieved in recent years although still a number of problems has to be settled up (e.g. the large-and small-x behaviour, the difference between the u and d sea quark distributions, polarized PDFs). At any rate what remains to be understood are the input PDFs (g, u v , d v ,ū andd) at some small scale µ 0 . Lattice QCD provides a few moments of the PDFs with admittedly large uncertainties [15] . Results for PDFs at a low scale have been obtained from the instanton model [16] and from a constituent quark model [17] .
In order to demonstrate the present quality of the available PDFs, one may compare the D0 [18] and the preliminary CDF data [19] for the inclusive jet cross section in pp collisions at √ s = 1.8 TeV with predictions from pQCD obtained through (cf. Fig. 3 )
and evaluated from present PDFs [13, 14] . dσ is the partonic cross section calculated to order α 
EXCLUSIVE REACTIONS WITHIN pQCD
Let me now turn to nucleon form factors, RCS and VCS at large momentum transfer. QCD provides three contributions from the valence Fock state to these processes, namely a soft overlap term with an active quark and two spectators, the asymptotically dominant perturbative contribution where by means of the exchange of two hard gluons the quarks are kept collinear with respect to their parent nucleons (see Fig. 4 ) and a third contribution that is intermediate between the soft and the perturbative contribution where only one hard gluon is exchanged and one of the three quarks acts as a spectator. Both the soft and the intermediate terms represent power corrections to the perturbative contribution. Higher Fock state contributions are suppressed. The crucial question is now what are the relative strengths of the three contributions at experimentally accessible values of momentum transfer, i.e. at −t of the order of 10 GeV 2 ? The pQCD followers assume the dominance of the perturbative contribution and neglect the other two contributions while the soft physics community presumes the dominance of the overlap contribution. Which group is right is not yet fully decided although comparison with the pion case [22] seems to favour a strong overlap contribution.
In pQCD [23] the nucleon form factors and the Compton amplitudes (see Fig. 4 ) are described by convolutions of hard scattering amplitudes, to be calculated within pQCD to a given order of α s , and distribution amplitudes Φ which represent the nucleon's valence Fock state wave function integrated over transverse momenta up to a factorisation scale µ F of order −t:
β labels different spin-flavour combinations of the quarks in the three-particle Fock state.
[dx] 3 is the three-particle integration measure. Considering only wave functions with zero orbital angular momentum component in the direction of the nucleon's momentum, one can show that there is only one independent scalar wave function or distribution amplitude, say Φ 123 for the u + u − d + -configuration in a proton with positive helicity. The distribution amplitudes for other parton configurations are to be obtained from Φ 123 by appropriate permutations of the indices. The distribution amplitude is subject to evolution and turns into 120x 1 x 2 x 3 for an asymptotically large scale µ F .
An immediate consequence of the pQCD approach to hard exclusive reactions are the power laws (i.e. the dimensional counting rule behaviour):
where θ is the cm scattering angle. γ is fed by α s as well as by the evolution of both f N and the distribution amplitude. The latter contribution, while it is clearly positive, cannot be specified in general. Thus, γ ≥ 2[1 + (2/(3β 0 )] ≃ 2.05. While the powers quoted in (10) are in fair agreement with experiment even for surprisingly small values of momentum transfer or energy there is no evidence for the logarithms. This is, by the way, true for a large class of reactions. Occasionally it is argued that the effective scales in these processes are so small that the running coupling becomes frozen, i.e. the Landau pole is effectively cut off. This indicates, however, that one is not in the perturbative regime.
With a frozen α s the experimentally observed approximate power law behaviour appears as a transient phenomenon that only holds in a limited range of momentum transfer, the perturbative logarithms will become visible at very large momentum transfer.
In the formal limit ln (−t/Λ 2 QCD ) → ∞, in which the distribution amplitude evolves into its asymptotic form, pQCD predicts F p 1 /F n 1 → 0 and a very small positive value for the neutron form factor. This is not at all what we see in the data. As a way out Chernyak and Zhitnitsky [24] assigned the difference between experiment and asymptotic pQCD prediction to the form of the distribution amplitude. Indeed, for form factors [24] and RCS [25, 26] agreement with experiment is accomplished if distribution amplitudes are utilized that are strongly concentrated in the end-point regions where one of the momentum fractions, x i , tends to zero. The drawback of this solution is that the bulk of the perturbative contribution is accumulated in regions where the virtualities of the internal gluons are well below 1 GeV 2 , i.e. in regions where pQCD is not applicable. A second drawback of the end-point region concentrated distribution amplitudes is that they, if merged with, say, Gaussian transverse momentum dependences in light-cone wave functions, lead to large overlap contributions [27, 28] which exceed the data by huge factors.
The first drawback can be cured if the modified perturbative approach is exploited. In this approach that has been developped by Botts, Li and Sterman [29] , the transverse momentum dependence of the hard scattering amplitude and of the wave functions is retained and Sudakov suppressions are taken into account. Applications to the form factor revealed that this calculation is self-consistent in the sense that the bulk of the perturbative contribution is now accumulated in regions of sufficiently small α s [30, 31] . However, the suppression of the end-point regions is so strong that the perturbative contribution to the nucleon form factor is much smaller than experiment even for the end-point region concentrated distribution amplitudes [30] . In Ref. [31] a larger perturbative contribution is obtained by neglecting the intrinsic transverse momentum dependence of the wave function and allowing for a more complicated infrared cut off than in [30] . Nevertheless the question remains to be answered what to do with the large soft contributions?
A new distribution amplitude for the nucleon has been proposed in [28] :
valid at a factorisation scale of 1 GeV. Combining it with a Gaussian transverse momentum dependence, one finds soft contributions in fair agreement with the data [32] [8, 28] . Data are taken from [32] . The data on the magnetic form factor, G M , are shown in order to demonstrate the size of spin-flip effects.
on nucleon form factors, see Fig. 5 . On the other hand, the perturbative contribution evaluated from this distribution amplitude within the modified perturbative approach is as small as only a few % of the experimental value. Therefore, this is to be regarded as a consistent calculation in which the soft contribution clearly dominates for experimentally accessible values of momentum transfer.
THE SOFT PHYSICS APPROACH TO COMPTON SCATTERING
For s, −t, −u ≫ m 2 the handbag diagram shown in Fig. 1 describes RCS and VCS. To see this it is of advantage to choose a frame of reference in which ∆ + = 0 (implying ζ = 0 and t = −∆ 2 ⊥ ). In order to evaluate the SPD appearing in the handbag diagram one may use a Fock state decomposition of the nucleon and sum over all possible spectator configurations. The crucial assumption is then that the soft hadron wave functions are dominated by virtualities in the range |k
where Λ is a hadronic scale of the order of 1 GeV, and by intrinsic transverse parton momenta, k ⊥i , defined with respect to their parent hadron's momentum, that satisfy k
Under this assumption factorisation of the Compton amplitude in a hard photon-parton amplitude and 1/x-moments of SPDs can be shown to hold [8, 33] .
As a consequence of this result the Compton amplitudes conserving the nucleon helicity are given by
Nucleon helicity flip is neglected. µ (ν) and µ ′ (ν ′ ) are the helicities of the incoming and outgoing photon (nucleon) in the photon-nucleon cms. The photon-quark subprocess amplitudes, H, are calculated for massless quarks to lowest order QED. The soft nuclon matrix elements in Eq. (12), R V and R A , represent form factors specific to Compton scattering [8, 33] . R V is defined by
R T being related to nucleon helicity flips, is neglected in (12) . There is an analogous equation for the axial vector nucleon matrix element, which defines the form factor R A . Due to time reversal invariance the form factors R V and R A are real functions. As the definition (13) reveals they are 1/x moments of SPDs at zero skewedness parameter ζ.
As in DIS and DVCS, only the plus components of the nucleon matrix elements enter in the Compton amplitude, which is a nontrivial dynamical feature given that, in contrast to DIS and DVCS, not only the plus components of the nucleon momenta but also their minus and transverse components are large now.
As shown in Ref. [8] the SPDs can be represented as generalized Drell-Yan light-cone wave function overlaps in the region ζ ≤ x ≤ 1. Assuming a plausible Gaussian k ⊥i -dependence of the soft Fock state wave functions, one can explicitly carry out the momentum integrations in the Drell-Yan formula. For simplicity one may further assume a common transverse size parameter,â, for all Fock states. This immediately allows one to sum over them, without specifying the x i -dependence of the wave functions. One then arrives at [8, 33] 
and the analogue for R A with q a +q a replaced by ∆q a +∆q a . A similar representation is also obtained for the nucleon's axial form factor. The form factor representation (14) is very instructive as it elucidates the link between the parton distributions of DIS and exclusive reactions. Note that the combination e 2 a [q a +q a ] appearing in R V is just the leading twist contribution to the structure function F 2 of DIS divided by x, the corresponding term in R A corresponds to 2g 1 .
The only parameter appearing in (14) is the effective transverse size parameterâ; it is known to be about 1 GeV −1 with an uncertainty of about 20%. Thus, this parameter only allows some fine tuning of the results. Evaluating, for instance, the form factors from the PDFs derived by Glück et al. (GRV) [12] withâ = 1 GeV −1 , one already finds good results [8] . Improvements are obtained by treating the lowest three Fock states explicitly with specified x-dependences (e.g. with the distribution amplitude (11)). Results for the u-valence SPD, t 2 F 1 and t 2 R V obtained that way in Ref. [8] are displayed in Figs. 2, and 5, respectively. Both the scaled form factors as well as t 2 R A exhibit broad maxima and, hence, mimic dimensional counting rule behaviour in the t-range from about 5 to 15 GeV 2 , set by the transverse hadron size. The position, t 0 , of the maximum of t 2 F i , where F i is any of the soft form factors, is to be determined from the implicit equation
The mean value
comes out around 0.5 at t = t 0 . Hence, −t 0 ≃ 8â −2 ≃ 8 GeV 2 . For very large momentum transfer the form factors turn gradually into the soft physics , (left) and the initial state helicity correlation A LL (right) as predicted by the soft physics approach [8] . Data taken from [34] .
4 . This is the region where the perturbative contribution (∼ 1/t 2 ) takes the lead.
The amplitude (12) leads to the RCS cross section
It is given by the Klein-Nishina cross section
multiplied by a factor that describes the structure of the nucleon in terms of two form factors. Evidently, if the form factors scale as 1/t 2 , the Compton cross section would scale as s −6 at fixed cm scattering angle θ. In view of the above discussion (see also Fig. 5 ) one therefore infers that approximate dimensional counting rule behaviour holds in a limited range of energy. The magnitude of the Compton cross section is fairly well predicted as is revealed by comparison with the admittedly old data [34] measured at rather low values of s, −t and −u (see Fig. 6 ). Cross sections of similar magnitude have been obtained within the perturbative approach [25, 26] and within the diquark model [35] . The latter model is a variant of the standard perturbative approach in which diquarks are considered as quasi-elementary constituents of the nucleon. Better data are needed for a crucial test of the soft physics approach and its confrontation with other approaches. The soft physics approach also predicts characteristic spin dependences of the Compton process. Of particular interest is the initial state helicity correlation
Approximately, A LL is given by the corresponding subprocess helicity correlationÂ LL = (s 2 − u 2 )/(s 2 + u 2 ) multiplied by the dilution factor R A (t)/R V (t). Thus, measurements of both the cross section and the initial state helicity correlation allows one to isolate the two form factors R V and R A experimentally. In Fig. 6 predictions for A LL are shown. The VCS cross sections have also been calculated in [8] . Characteristic differences to the only other available results, namely those from the diquark model [35] , are to be noticed. Thus, for instance, the beam asymmetry for ep → epγ which is sensitive to the imaginary part of the longitudinal-transverse interference, is zero in the soft physics approach since all amplitudes are real. In the diquark model, on the other hand, this asymmetry is non-zero due to perturbatively generated phases of the VCS amplitudes. In regions of strong interference between the Compton and the Bethe-Heitler amplitudes the beam asymmetry is even spectacularly enhanced.
SUMMARY
The SPDs, generalized PDFs, are new tools for the description of soft hadron matrix elements. They are central elements which connect many different inclusive and exclusive processes: polarized and unpolarized PDFs are the ζ = t = 0 limits of SPDs, electromagnetic and Compton form factors represent moments of the SPDs, DVCS and hard meson electroproduction are controlled by them. Not much is phenomenologically known on the SPDs as yet, only a few model predictions and simple parameterizations are available. The analysis of future data from HERA, TJlab and CERN experiments will tell us more about the SPDs.
A particular interesting aspect is touched in exclusive reactions such as nucleon form factors and RCS. Their analysis by means of SPDs implies the calculation of soft physics contributions to these processes in which only one of the quarks is considered as active while the others merely act as spectators. The soft contributions formally represent power corrections to the asymptotically leading perturbative contributions in which all quarks participate in the elementary scattering. It seems that for momentum transfers around 10 GeV 2 the soft contribution dominates over the perturbative one. However, a severe confrontation of this approach with accurate large momentum transfer RCS and VCS data is pending.
